Furfural is a potential platform chemical derived from biomass, which has gained increased 11 attention as a potential substitute for the displacement of petrochemicals and the production 12 
limitations related to the fundamental molecular dehydration reactions in aqueous phase. 1
Temperature remains the most important operational parameter defining xylose conversion 2 and to a significant extent furfural selectivity. Low temperatures not only lead to long 3 reaction times but also to low furfural selectivity, since large amounts of undesired by-4 products are formed. Consequently, alternative catalysts have been explored to improve the 5 selectivity of the conversion of pentose carbohydrates. Recently, advances have been made 6 through the use of chloride salts as co-catalysts in aqueous phase. Marcotullio and De Jong 7 [10] investigated the use of different chloride salts (potassium, sodium, calcium and iron 8 (III) chloride) for the conversion of xylose, highlighting the high furfural yield (62%) 9
shown by iron (III) chloride (FeCl3) in a 50 mM HCl aqueous solution at 200 o C. Chloride 10 salts behave as Lewis acids in aqueous phase, i.e. as an electron pair acceptor. This is 11 considered to lead to the enolisation of xylose to form xylulose, and thus to the increase of 12 furfural selectivity [11] . Other reports have pointed out that additional chloride salts, such 13 as AlCl3 and CrCl3, also promote the isomerisation of carbohydrates, i.e. glucose and 14 xylose, to their respective ketose form, fructose and xylulose [12] . Ketoses are readily and 15 selectively converted to the furanic products, 5-hydroxymethylfurfural and furfural, 16 respectively, in the presence of a Brønsted acid, thus improving the selectivity of the 17 process [13] . Other studies have shown that xylose can undergo epimerisation in the 18 presence of Lewis acid catalysts to form lyxose. Lyxose was the major intermediate formed 19 from xylose dehydration to furfural using ZSM-5 zeolites at 140-160 °C [7] . This study 20 also found that the selectivity to furfural via lyxose remained relatively high for a long 21 period of time, while high xylose conversion was achieved when the reaction was carried at 22 200 o C [7] . 23 and analytical (300 × 7.7 mm) columns connected in series. The column was eluted 1 isocratically at 65 °C with deionised water at a flow rate of 0.65 mL min -1 . When an 2 intermediate sugar was detected, a Gaussian deconvolution method was used for data 3 treatment after acquisition. 4
5
The catalytic performance of the chloride salt-formic acid mixtures was evaluated through 6 the conversion of D-xylose, and the yields and selectivities of furfural that were attained 7 under each reaction condition. These were calculated as follows: 8 and 65 mol%, respectively, corresponding to selectivities above 68%. Additionally, the 6 xylose conversion rate was increased by a factor of 6 in the chloride-FA systems compared 7 to the system in which FA was used as a stand-alone catalyst. The FeCl3-FA system 8 showed lower selectivity at the early stages of the reaction, while achieving a maximum 9 selectivity of 65% at XC5≈80%. In the latter case, the FeCl3 appeared to hinder the 10 selectivity at low xylose conversion (XC5<30%) compared to the selectivity observed when 11 formic acid was the only catalyst. The CrCl3-FA catalytic system showed a high selectivity 12 to furfural (60-70%) at XC5 >20%, compared to the FA system. This was in agreement with 13 the work carried out by Choudhary, Sandler and Vlachos [13] . In their work, the furfural 14 yield was increased from 29 mol% when the reaction was carried out at 145 o C in the 15 presence of HCl to 39 mol% with HCl/CrCl3. The AlCl3-FA system showed the highest 16 selectivity (above 70%) of the catalytic mixtures considered, even after achieving xylose 17 conversions greater than 80%. This was in agreement with earlier investigations, where 18
AlCl3 gave a better performance than CrCl3 for the conversion of xylose to furfural in 19 aqueous phase with HCl [13, 24] . 20
For the purpose of identifying the optimum catalyst combination and conversion 22 conditions, the FA concentration and reaction temperature were varied using 0.4 M FeCl3 23 or AlCl3 as co-catalyst. Attention was centred on the use of these two tri-chloride salts as 1 they represented low and high catalytic activity/selectivity, respectively (see Fig. 1 ). Fig. 2  2 presents the furfural selectivity observed in these catalytic systems as a function of xylose 3 conversion using different formic acid concentrations and temperatures. The highest 4 furfural selectivity obtained using the FeCl3-FA system was 65-69%, independent of the 5 formic acid loading. With FeCl3, the furfural selectivity at XC5 ≈ 30% was higher when 6 using 15 wt.% FA (SFUR ≈ 55%), than when using 30 or 55 wt.% FA (SFUR ≈ 10-20%). As a 7 consequence, the FeCl3-FA 15 wt.% system achieved the maximum furfural selectivity at 8 an early stage (XC5≈40%) followed by a continuous decrease of the chemo-selectivity to 9 furfural. Previous research has shown that in aqueous FA solutions, furfural degradation is 10 weakly affected by the FA concentration [3] . This suggested that the increase in FA 11 concentration increased the rate of xylose conversion and furfural formation in the FeCl3-12 FA systems even when approaching complete conversion. The reacting aqueous solution 13 with FeCl3 as a stand-alone catalyst was strongly acidic at room temperature (pH 1.16). 14 However, the acidity of the reaction medium increased after 1 h at 130 °C (pH 0.62). This 15 was due to the in situ formation of complexes in the aqueous system, such as 16 as ZnCl2 or CuCl2 [26] . Similarly to acetic acid, FA is a weak Brønsted acid with low 22 tendency to dissociate. The fact that furfural selectivity was not significantly affected by the 23 FA concentration and that the pH of the mixtures increased during the experiments 1 indicated that the speciation products of the FeCl3-FA system had a more pronounced effect 2 on the acidity and the catalytic performance of the system than the neat FeCl3 or formic 3 acid. 4
The maximum furfural selectivity attained with AlCl3 increased with the increase in FA 6 concentration from 0 (XC5 ≈ 92%, SFUR ≈ 42%) to 55 wt.% (XC5 ≈ 92%, SFUR ≈ 68%). Even 7 though raising the FA concentration from 55 to 65 wt.% increased the rate of xylose 8 conversion, similar furfural selectivities were observed in both systems. After complete 9 xylose conversion, furfural yields were between 45 and 60 mol% with any amount of FA. 10
The system that used AlCl3 as a stand-alone catalyst had an initial pH of 2.45, which was 11 further reduced to 1.14 after 1 h at 130 o C. Akin to the aqueous FeCl3 solution, this 12 decrease in pH after thermal treatment was in agreement with previous studies in which 13 trivalent metal chlorides (i.e. CrCl3) showed an irreversible pH decrease due to 14 precipitation of stable hydroxides [27, 28] . However, the pH of the mixture of AlCl3 and 10 15 wt.% FA (pH = 0.68) also decreased irreversibly (pH = 0.58) after 1 h at 130 o C. This 16 phenomenon was no longer seen with higher FA/AlCl3 ratios. Despite the fact that the 17 initial pH of the AlCl3-FA mixtures (10 and 30 wt.%) were lower than the pH of the system 18 using AlCl3 as a stand-alone catalyst, the latter mixture showed a higher xylose conversion 19 rate and poorer selectivity towards the formation of furfural (see Fig. 2b and reducing the number of active complexes and consequently diminishing the xylose 7 conversion rates. This is in agreement with the findings by Choudhary, Caratzoulas and 8
Vlachos [27] . In their study, it was also found that with the addition of HCl, which reduced 9 the pH, the formation of the active cation was inhibited (>0.1 M HCl) leading to lower 10 glucose conversion rates. Drábek, Kiplagat, Komarek, Tejnecký and Borůvka [29] 11 investigated the interactions of organic acids (i.e. citric, malic, oxalic and fulvic acid) with 12 AlCl3 using liquid chromatography and kinetic modelling. At a pH between 1.35 and 1.40, 13
Al 3+ was the dominant species with oxalic acid-to-Al (OA:Al) molar ratios lower than 0.2. 14 Other oxalate-coordinated species were predominantly formed when the OA:Al ratio in the 15 solution was increased, e.g. 72% Al(oxalate) + at OA:Al = 2.7, and 62% Al(oxalate)3 3-at 16 OA:Al = 270. Similarly, at a given OA:Al ratio, the decrease in the pH of the catalytic 17 reaction mixture led to the preferred formation of Al 3+ species. By comparison, FA:Al 18 molar ratios in the present study were higher than 30 with FA concentrations above 15 19 wt.% and high acidities (pH<0.7). Despite the high FA:Al ratios observed, high selectivities 20 were observed at high FA concentrations suggesting that favourable complexes such as 21
[Al(H2O)5OH] 2+ or Al(formate) n± were possibly formed, promoting the isomerisation of 22 xylose. In general, the activity of the AlCl3 and of the AlCl3-FA systems was higher than 23 that of the FeCl3-related systems. This is in agreement with previous reports for aqueous 1 systems. In their experimental and computational study of the glucose-fructose conversion 2 in aqueous phase, Loerbroks, van Rijn, Ruby, Tong, Schüth and Thiel [25] concluded that 3 the reduced reactivity of FeCl3 compared to AlCl3 and CrCl3 was due to the high acidity of 4 the former system which prevented the preferential formation of active ligands. did not alter the furfural selectivity to any appreciable extent (XC5=80%, SFUR≈68%). The 13 reaction times required to reach the maximum furfural yield at 130 and 150 o C 14 corresponded to 10 and 60 min, respectively (see Supporting Information). A lower 15 selectivity (XC5=80%, SFUR=53%) was observed when the reaction was carried out at 170 16 o C (Fig. 2c) . This was attributed to simultaneous promotion of the degradation of furfural at 17 high temperatures [4] . On the other hand, minor variations in the furfural selectivity were 18 observed using AlCl3-FA (55 wt.%) at temperatures between 130 and 170 o C. The highest 19 furfural selectivities varied between 85-90%, mainly observed between 20 and 50% xylose 20 conversion (Fig. 2d) . At the final stages of xylose conversion, a decline in the furfural 21 selectivity was observed due to the acid-catalysed degradation of furfural. High selectivities 22 (~90%) were obtained at 100 o C when low amounts of xylose were converted (XC5<20%). 23
However, a lower selectivity (58%) was achieved at higher xylose conversion (>80 mol%). 1
At 170 °C, xylose was rapidly converted using the AlCl3-FA system (XC5 >60% after 2 2 min) with high furfural selectivity (85%), followed by an immediate decrease of the 3 furfural yield due to subsequent product degradation. Intermediate temperatures (130 and 4 150 o C) were deemed more appropriate to obtain high furfural yields (~70%) with high 5 selectivity (SFUR≈65-75%) after complete xylose conversion (XC5≈90-95%) for reaction 6 times of 10 and 30 min, respectively (see Supporting Information). These temperatures 7 are associated with lower energy consumption than that of typical industrial production of 8 furfural (>200 o C). 9
10
The conditions identified for the AlCl3-55 wt.% FA system at 130 o C were used for further 11 investigation due to its highly selective catalytic activity. concluded that xylose isomerisation was rate controlling, meaning that CrCl3 and HCl had 23 independent roles as Lewis and Brønsted acids, respectively. Overall, it was determined 1 that an increase in the AlCl3 concentration above 0.8 M improved the catalytic activity of 2 the mixture by providing more rapid xylose conversion; however, AlCl3 concentrations 3 greater than 0.4 M did not improve the selectivity of the process, due to the coexistence of 4 furfural degradation reactions. Unlike HCl, it is clear that FA gave rise to a more complex 5 behaviour in terms of the dissociation and speciation equilibrium involved. 6 7 3.2 Xylose dehydration and furfural degradation in metal chloride-FA systems: 8
Mechanistic observations 9
Earlier investigations have suggested that the acyclic form of xylose can 10 isomerise/epimerise in the presence of a Lewis acid catalyst to form different tautomers, 11 such as xylulose and lyxose, prior to the formation of furfural [6, 7, 27, 31]. As part of the 12 current study, the formation of lyxose and xylulose as stable products or intermediates was 13 evaluated. The presence and concentration of these pentoses was determined using liquid 14 chromatography by comparing the elution time and electrochemical response with 15 standardised solutions of these compounds (see Section 2.2). A detailed chromatogram of 16 the peaks corresponding to these intermediates is presented in the Supporting 17
Information. The intermediate sugar peak was only seen in experiments when chlorides 18
were used either as a stand-alone or co-catalyst. Furthermore, this peak was predominantly 19 detected at earlier stages of the reaction and at low temperatures/FA concentrations. Due to 20 the similar retention times (t =11.8-11.9 min) of lyxose and xylulose, a deconvolution 21 method was developed using calibration equations generated from standard samples that 22 allowed the independent estimation of the concentration each of these species. The width of 23 the peak generated by each compound was fixed using a curve fitting method based on the 1 standard samples. Lyxose was identified as the primary intermediate compound formed 2 during dehydration of xylose when metal chlorides were catalytic presented. (XLYX<25 mol%) to furfural (SFUR≈48%),even after long reaction times (100 min). 7
Compared to xylose, lyxose was converted with a lower reaction rate and similar selectivity 8 to furfural (XXYL~33 mol%, SFUR~48%). Using AlCl3 as a stand-alone catalyst, lyxose 9 selectivity to furfural after 100 min was lower than from xylose (XXYL~31%). The catalytic 10 activity of the Al species resulted in the degradation of the sugar, forming other molecules, 11 such as acetic and lactic acid (detected but not quantified). The AlCl3-FA mixture was more 12 catalytically-active thus converting lyxose after 30 min. However, the chemo-selectivity to 13 furfural was improved only marginally (SFUR,max≈40%) in comparison to the FA or AlCl3 as 14 stand-alone catalyst. Furthermore, lyxose conversion occurred more rapidly than xylose 15 conversion using the AlCl3-FA mixture. Unequivocally, the furfural selectivity from lyxose 16 was 38% lower than from xylose. These results suggest that the catalytically active species 17 present in the AlCl3 and AlCl3-FA systems promoted mainly parasitic reactions that 18 decreased the formation of furfural from lyxose. This also suggests that the epimerization 19 of xylose to lyxose had, in fact, a minor contribution in the selective formation of furfural. Previous work by Dussan, Girisuta, Lopes, Leahy and Hayes [3] proposed that the presence 4 of furfural hinders the selectivity of the conversion of D-xylose to furfural in the presence 5 of formic acid. Fig. 5a shows the effects of furfural on the xylose conversion and furfural 6 yields achieved using the different catalytic systems at 130 o C. It was observed that the 7 conversion of xylose was not affected to a significant extent by the presence of furfural 8 under the conditions evaluated herein. The selectivity of the reaction using FA as a stand-9 alone catalyst was not altered by the presence of furfural at 130 o C. However, furfural 10 yields were notably lower when furfural was present in the reaction systems involving the 11 metal tri-chlorides with FeCl3 having the most significant impact with a negative furfural 12 yield observed after 30 min. Negative yields resulted from degradation rates being faster 13 than those of furfural formation, leading to the rapid consumption of the furfural present in 14 the mixture from the start of the reaction. Furthermore, the furfural yield was 23% lower in 15 the FeCl3-FA system when furfural was available from the beginning of the reaction while 16 in the AlCl3 and AlCl3-FA systems, furfural yields were 18% and 15% lower respectively 17 when furfural was present in the mixture. The negative effect of furfural in the FeCl3 and 18
AlCl3 systems suggested that the active species formed by these salts promoted irreversible 19 side reactions involving intermediate/transitory sugar species and furfural towards 20 condensation products. It is important to highlight that the AlCl3-FA system reported the 21 lowest reduction in furfural formation among the catalytic systems evaluated. 22
In addition to the previous analysis, the furfural degradation promoted by the FeCl3 and 1 AlCl3 catalytic systems was evaluated. Fig. 5b presents the furfural conversion to 2 degradation products at 130 o C. Furfural was not significantly degraded using concentrated 3 formic acid at such low temperature, in agreement with previous reports [3] . FeCl3 as a 4 stand-alone catalyst promoted the degradation of furfural to a significant extent since over 5 65% was converted after 60 min. AlCl3 reported a lower activity for this reaction, 6
promoting only the degradation of 19% of the initial furfural after 60 min. The presence of 7 formic acid in the FeCl3-FA system reduced the degradation of furfural by over 20%. 8
Unlike the iron chloride, the AlCl3-FA system reported similar furfural degradation as 9 when using AlCl3 as a single catalyst. This indicated that the poor selectivity observed with 10 the FeCl3 and FeCl3-FA systems may be attributed mostly to the significant promotion of 11 furfural degradation by active species. On the other hand, the catalytic activity shown by 12 the AlCl3 and AlCl3-FA systems suggested that complexes derived from the salt speciation 13 that were catalytically active in the degradation of furfural were present in similar 14 concentrations in both aqueous and formic acid-rich solutions. 15 (Fig.6a, [AlCl3] = 0.38 M), the maximum furfural yields attained were 13 between 50 and 70 mol%. The increase of either temperature or FA concentration had a 14 promoted the formation of furfural, since higher furfural yields (>60 mol%) were achieved 15 using FA concentrations above 30 wt.% and temperatures above 170 °C. In the second 16 scenario (Fig.6b, [FA] = 60 wt.%), however, the increase of the aluminium chloride 17 concentration led to a mild decrease of the maximum furfural concentration, especially at 18 lower reaction temperatures, in agreement with the experimental results presented in 19 Section 3.1. Using 0.1 M AlCl3, the formation of furfural was higher than 62% at 20 temperature above 140 °C and was promoted with the increase of temperature. 21
The activation energy of the xylose conversion using the AlCl3-FA system (Ea,1=67.20 kJ 1 mol -1 ) was lower than the activation energy reported for the system using formic acid as 2 stand-alone catalyst (140.3 and 152 kJ mol -1 ) [3] [15] . This was expected due to the 3 formation of distinct complexation species that reduced the energy barrier involved in the 4 dehydration of xylose. Likewise, the value of Ea,1 was lower than observed in catalytic 5 systems using other organic and mineral acids, such as acetic acid (108.6 kJ mol Additionally, the activation energy of the furfural degradation (Ea,3=90.81 kJ mol -1 ) was 17 also similar to that reported in other studies using sole formic acid or sole AlCl3(75 -131 kJ 18 mol -1 ) [3, 15, 34] . However, Ea,3 in this system was higher than the corresponding 19 activation energy reported for most mineral acids, such as HCl and H2SO4 (≈48-67 kJ mol) 20 [4, 35] , which showed the advantage of this catalytic system in hindering the loss of 21 furfural through parasitic reactions of this product. 
